ABSTRACT Two experiments were conducted to estimate standardized phosphorus (P) retention (SPR) of corn, soybean meal (SBM), and corn-soybean meal (C-SBM) diet in broilers and verify the additivity of SPR for feed formulation of broilers. In total, ninetysix 22-d-old male broilers with similar BW were used in each experiment. After 3 d of acclimation, chicks were fasted for 24 h and then fed P-free, corn, SBM, or C-SBM diets, respectively for 4 h in experiment 1 or 72 h in experiment 2. In experiment 1, the results showed that the excreta collection time of 52 h (48 h after feed withdrawal) was adequate for the estimation of SPR. The basal endogenous P loss (EPL) of chicks fed the P-free diet was estimated to be 123 ± 7 mg/52 h per bird. The values of SPR corrected by basal EPL were 37.6 and 50.5% for corn and SBM, respectively. The determined value of SPR of the C-SBM diet was very close (P > 0.79) to the predicted summation of SPR from corn and SBM (44.4 vs. 43.5%). In experiment 2, the results showed that the excreta collection time of 96 h (24 h after feed withdrawal) was sufficient for the estimation of SPR. The basal EPL of chicks fed the Pfree diet was estimated to be 85.4 ± 4.0 mg/96 h per bird. The values of SPR corrected by basal EPL were 40.2 and 52.9% for corn and SBM, respectively. The determined value of SPR of the C-SBM diet was lower (P < 0.001) than the predicted summation of SPR from corn and SBM (39.7 vs. 46.0%), which might be due to the effect of higher total P intake. The results from the current study demonstrated that the P-free diet could be used for measuring basal EPL in broilers and then estimating the SPR values of feedstuffs for broilers. However, the additivity of SPR in the diet formulation needs to be studied further.
INTRODUCTION
Phosphorus (P) requirements of chickens were based on their nonphytate phosphorus requirements (NPP) (NRC,1994) , which did not account for the facts that NPP might not be completely available (Van der Klis and Versteegh, 1996; De Groote and Huyghebaert, 1997) and phytate P could be partially utilized to fulfill P requirements (Leske and Coon, 2002; Manangi and Coon, 2008) . To accurately meet P requirements of broilers without P overfeeding, knowledge of an individual feedstuff's contribution to the available P is needed. Values of the apparent P retention (APR) for feed ingredients in chicks have been reported (Leske and Coon, 1999; Leytem et al., 2008b) . However, because of the absence of reliable values for endogenous P losses (EPL), values of APR were not corrected with EPL (Dilger and Adeola, 2006) , which might underestimate the availabilities of P in feed ingredients, especially those low-P feedstuffs. Dilger and Adeola (2006) reported a procedure to estimate total EPL by regressing total P output from chicks against dietary P intake. By extrapolation to zero P intake, the theoretical total EPL could be estimated. However, dietary factors such as phytate could induce specific diet-dependent EPL (Cowieson et al., 2004) and thereby increase the total EPL when diets contained commonly used plant feed ingredients. Petersen and Stein (2006) reported thatever, whether the P-free diet can be used for the estimation of standardized phosphorus retention (SPR) and the values of SPR for feed ingredients are additive in formulated diets for broilers needs to be experimentally verified.
The objectives of the current study were to estimate SPR of the most commonly used model ingredients [corn and soybean meal (SBM)] and a formulated diet (corn-SBM diet; C-SBM) in broilers and verify the additivity of SPR in the diet formulation.
MATERIALS AND METHODS

Experimental Design, Diets, and Birds
A completely randomized design was adopted in this experiment. There were a total of 4 dietary treatments, including P-free, corn, SBM, and C-SBM diets. All 4 diets were formulated to meet or exceed the nutrient requirements of growing broilers from 3 to 6 wk of age, recommended by NRC (1994), except for Ca and P. These diets contained equal contents of ME and CP. The P-free diet was mainly formulated by cornstarch, gelatin, and synthetic amino acids, which contained 0.006% of P. The corn, SBM, and C-SBM diets had the same ratio of Ca to total P (1.3:1). The analyzed nutrient compositions of corn and SBM were presented in Table 1 . The compositions of the 4 diets were shown in Table 2 .
All experimental procedures were approved by the Animal Research Center at the Veterinarian Office of Beijing. Four hundred 1-d-old male Arbor Acres broiler chicks were obtained from a local hatchery (Huadu Broiler Breeding Corp., Beijing, China) and housed in 
Experiment 1
On d 22 at 0800 h, a total of 96 chicks with similar BW (819 ± 30 g) was selected and randomly allotted to 1 of 4 dietary treatments with 6 replicate cages of 4 birds each. Chicks were sutured with a threaded hollow plastic cap around the vent for screwing a plastic bag to collect excreta (Adeola et al., 1997) , which could prevent contamination of excreta by feathers, skin, and other debris. Then, birds recovered and acclimated for 3 d. On d 24 at 2200 h, feeds were withdrawn and all chicks were fasted overnight (8 h). On d 25 at 0600 h, all chicks were fed a P-free diet for 4 h and then fasted for 24 h to clear residues in the gastrointestinal tract (Liu et al., 2012) . On d 26 at 1000 h, feeders (with feeds) and fecal-collecting bags were installed in the same order (from cages 1 to 24), and P-free or test diets were introduced for 4 h and then feeds were withdrawn. Excreta collections started from feeding and lasted for a total of 28 or 52 h (24 or 48 h after the end of the 4-h feeding period).
Experiment 2
On d 22 at 0800 h, a total of 96 chicks with similar BW (819 ± 27 g) was also selected and randomly allotted to 1 of 4 dietary treatments with 6 replicate cages of 4 birds each and acclimated to the environment for 3 d. On d 24 at 2200 h, feed was removed and chicks were fasted for 8 h. On d 25 at 0600 h, all chicks were fed the P-free diet for 4 h and then fasted for 24 h to empty feed residues in the gastrointestinal tract of broilers (Liu et al., 2012) . On d 26 at 1000 h, feeders (with feed) and fecal collection trays were installed with cages, and all 4 diets were introduced for 72 h, and then feeds were withdrawn. Excreta collections started from feeding and lasted for a total of 96 or 120 h (24 or 48 h after the end of the 72-h feeding period).
Sample Collections and Analyses
In experiment 1, excreta samples were collected at about 4-h intervals, because the excreta-collecting bag attached to the anus was fully filled with excreta in about 4 h. In experiment 2, excreta samples were collected twice a day at 0900 h and 1800 h, respectively. Before collection, feather and skin droppings were removed from fecal samples using a wind-blower. The excreta samples were transferred into plastic bags according to cage number and then dried in a forced-air oven at 55°C for 96 h.
Ingredients and diets, as well as dried excreta samples, were ground through a 0.45-mm sieve using a grinding mill (Yanshanzhengde Inc., Bejing, China) to facilitate analyses. Feed ingredients, diets, and fecal samples were analyzed for DM contents (procedure 4.1.06; AOAC, 2000) , and feed ingredients and diets were analyzed for Kjeldahl N (Thiex et al., 2002) . Concentrations of Ca in feed ingredients and diets were determined by inductively coupled plasma spectroscopy (model IRIS Intrepid II, Thermal Jarrell Ash, Waltham, MA) as described by Li et al. (2011) . Total P concentrations in ingredients, diets, and fecal samples were determined using a spectrophotometer (procedure 3.4.11; AOAC, 2000) . Feed ingredients were analyzed for phytate P according to the ferric precipitation method described by Rutherfurd et al. (2004) and Leytem et al. (2008a) .
Calculations and Statistical Analyses
The APR and SPR in feed ingredients and the formulated diet were individually calculated according to the following equations:
where P I is the total P intake (mg) of birds fed the tested diet, P O is the total excreta P output (mg) of birds fed the tested diet, and EPL B is the total excreta P output (mg) of chicks fed the P-free diet. In addition, the predicted value of APR or SPR for the C-SBM diet was based on the individually determined APR or SPR for corn or SBM and their contributions of P to the formulated diet.
All statistical analyses were carried out with the Student's t-test using TTEST procedure of SAS (release 8.1, SAS Institute Inc., Cary, NC). Cage served as the experimental unit for all statistical analyses, and the P < 0.05 was considered to be statistically significant.
RESULTS
Chicks in all treatments were healthy throughout the experiment and readily consumed their diets.
Experiment 1
The basal EPL values were estimated to be 51.3 ± 5.5 or 123 ± 4 mg per chick when the total excreta collection time was 28 or 52 h (24 or 48 h after feed withdrawal), respectively. There was a significant effect (P < 0.03) of excreta collection time on the values of SPR for SBM and the formulated diet (Table 3) . When the total excreta collection time was 28 or 52 h, the determined values of SPR for corn, SBM, and C-SBM diet were 45.2 or 37.6%, 70.4 or 50.5%, and 53.6 or 44.4%, respectively, whereas the determined values of APR for corn, SBM, and C-SBM were −15.2 or −107%, 22.4 or −64.5%, 26.2 or −21.3%, respectively. The determined value of SPR (44.4%) for the C-SBM diet was close (P > 0.79) to the predicted value of SPR (43.5%) at the excreta collection time of 52 h (Table 4) .
Experiment 2
The basal EPL values were estimated to be 85.4 ± 4.0 or 100 ± 4 mg per chick when the total excreta collection time was 96 or 120 h (24 or 48 h after feed withdrawal), respectively. There was no significant effect (P > 0.13) of excreta collection time on the values of SPR for corn, SBM, and the formulated diet (Table  5) . When the total excreta collection time was 96 or 120 h, the determined values of SPR for corn, SBM, and C-SBM diet were 40.2 or 38.2%, 52.9 or 51.6%, and 39.7 or 38.1%, respectively, whereas the determined values of APR for corn, SBM, and C-SBM were 27.0 or 22.9%, 44.5 or 41.8%, 34.1 or 31.5%, respectively. The determined values of SPR were greater (P < 0.001) than those of APR regardless of feed ingredient or diet. However, the determined values of SPR for the C-SBM diet were lower (P < 0.001) than the predicted values of SPR at each excreta collection time (Table 4) , whereas the determined values of APR were close (P > 0.23) to the predicted values of APR when the excreta collection time was 96 (34.1 vs. 35.2%) or 120 h (31.5 vs. 32.2%).
Although the determined value (123 mg/52 h per chick) of EPL in experiment 1 was significantly higher (P < 0.001) than that in experiment 2 (85.4 mg/96 h per chick), the determined values of SPR for corn and SBM in experiment 1 were similar (P > 0.48) to those in experiment 2 (Table 6) , whereas the determined value of SPR for the C-SBM in experiment 2 was significantly lower (P < 0.04) than that in experiment 1.
DISCUSSION
Although limited, a review of previous data indicates that high variability existed between and within laboratories for estimating EPL in chicks. The diverse estimates might be explained by differences in age or genetic background of broilers or more likely by different approaches used to determine EPL. al-Masri (1995) reported that EPL for 14-to 29-d-old male broilers ranged between 135 and 30 mg/d per chick with 4 different Ca:P ratios ranging between 1.0:1 and 2.5:1 using the isotope dilution method. The rapid and random transfer of the radioactive label among various bodily tissues probably resulted in overestimations of EPL (Dilger and Adeola, 2006) . Dilger and Adeola (2006) observed, using a regression technique, that the total EPL for 15-to 22-d-old male broilers averaged 87.4 mg/d per chick. Rutherfurd et al. (2002 Rutherfurd et al. ( , 2004 reported that the estimates of EPL for 28-d-old male broilers at the terminal ileum were 272 ± 108 and 446 ± 59 mg/ kg of feed DM, respectively, which only reflected the 4 Basal EPL estimated by gelatin-cornstarch P-free diet (n = 6). P excretion at the terminal ileum of chicks. Cowieson et al. (2004) reported that the value of EPL for 42-dold female broilers was 230 mg/48 h per bird by using a precision-fed assay. In the present study, the EPL value (123 mg/52 h per chick) of birds fed the P-free diet for 4 h with a total of 52 h of excreta collection time was significantly higher than that of chicks fed the P-free diet for 72 h with a total of 96 h (85.4 mg/96 h per chick) or 120 h (100 mg/120 h per chick) of excreta collection time. This difference might be due to the different metabolic conditions of chicks in different procedures. In addition, the EPL of birds fed the P-free diet for 4 h with a total of 52 h of excreta collection time was lower than our previous result (155 mg/52 h per chick) by using the nitrogen-and mineral-free diet (composed of 96.16% dextrose, 2.84% soybean oil, and 1.0% cellulose) for measuring the EPL of 24-d-old chicks (Liu et al., 2012) , suggesting that the CP and other nutrients in the P-free diet used in the current study might affect the EPL of chicks. The APR value (27.0%) of corn in experiment 2 was in agreement with the value (25.0%) reported by Leytem et al.(2008a) and the value (30.0%) reported by CVB (2004), but it was somewhat lower than the value (34.8%) reported by Leske and Coon (1999) . The APR value (44.5%) of SBM in experiment 2 was in agreement with the value (42.0%) reported by CVB (2004), but it was lower than the result (average 49.0%) of Dilger and Adeola (2006) and was higher than the value (27.0%) reported by Leske and Coon (1999) . The APR value (34.2%) of the C-SBM diet in experiment 2 was lower than the value (44.0%) of Broz et al.(1994) . These differences might be mainly due to different concentrations of phytate P in corn or SBM. The results from experiment 2 also indicated that this procedure might be suitable for the determination of APR in feedstuffs for broilers. This procedure was similar to the procedure reported by De Groote and Huyghebaert (1997) using European reference method for determination of metabolizable energy (Bourdillon et al., 1990) for measuring APR of feed phosphates for chicks. In brief, birds were fasted for 17 h and then fed for 80 h, and excreta collection started from feeding and lasted for a total of 97 h (17 h after the end of the 80-h feeding period). However, negative APR values for all tested diets were observed in experiment 1, which indicated the significant effect of EPL on APR coefficients. The significant differences in APR values between experiments 1 and 2 might be due to the different procedures used in 2 experiments.
The APR values have been shown to be very variable, and thus not reliable in diet formulation for pigs (Fan and Sauer, 2002) and ducks (Chen, 2010) . However, Coon (1999, 2002 ) developed a bioassay to measure APR values of feedstuffs for broilers. They hypothesized that APR values were additive in formulated diets and suggested that APR values of individual feedstuffs should be more accurate than NPP values in formulating diet for broilers. The determined values of APR were close to the predicted values of 3 P-free diet group birds average feed DM intake was 157 ± 9 g per chick. 4 Basal EPL estimated by gelatin-cornstarch P-free diet (n = 6). APR in experiment 2. However, the negative APR values in the corn, SBM, and C-SBM diet were observed in experiment 1, indicating the significant effect of EPL. It is remarkable that the estimates of Coon (1999, 2002) were based on chicks in full feed and using the maker method, whereas in the current study, the excreta were gradually emptied in the intestinal tract of broilers so that the determined APR values were more much affected by EPL errors as a result of EPL becoming a proportionately greater influence on fecal P once feed was withdrawn.
It was interesting to note that the total excreta collection time (28 vs. 52 h) significantly affected the SPR in SBM and the C-SBM diet in experiment 1, which was in agreement with our previous report (Liu et al., 2012) . The results from other studies demonstrated that the excreta collection time of 24 h after feed withdrawal was not enough for eliminating the effect of dietary indigestible substances on metabolizable energy (Chami et al., 1980) and mineral availabilities (Liu et al., 2012) . Furthermore, in the precision-fed assay, the excreta collection time of 48 h after forced-feeding was commonly used to measure metabolizable energy, mineral, and amino acids availabilities (Chami et al., 1980; Cowieson et al., 2004; Pirgozliev et al., 2012) . Therefore, the results from experiment 1 indicated that the excreta collection time of 52 h was adequate for the estimation of SPR. However, the total excreta collection time (96 vs. 120 h) did not significantly affect the SPR in SBM and the C-SBM diet in experiment 2 because there was very little excreta sample collected from 96 to 120 h compared with the excreta sample collected from the initial feeding to 96 h.
In the present study, the determined values of SPR for corn and SBM were lower than the previous mentioned observations (Nwokolo et al., 1976; Aw-Yong et al., 1983; Zhong, 2006; Rutherfurd et al., 2002; Dilger and Adeola, 2006) . This difference might be due to the different procedures used in different studies. Nwokolo et al. (1976) reported that when broilers were fasted for 16 h and then fed testing diets or the mineral-free diet for 4 h, and excreta samples were collected (about 4 h) according to the marker to marker method, the determined true P availability of SBM for broilers was 89.3%. Aw-Yong et al. (1983) reported that the average true P availability of corn for broilers was 60.9% according to the procedure described by Nwokolo et al. (1976) . However, a study in our laboratory indicated that the excreta collection time of 4 h after feed withdrawal was not sufficient for emptying feed residues in the digestive tract of broilers, and the determined true P availability values of corn (74.8%) and SBM (85.4%) were overestimated by using this procedure (Zhong, 2006) . Rutherfurd et al. (2002) used the semipurified diet with synthesized amino acids virtually devoid of dietary P to estimate the EPL for broilers and reported that the true ileal P digestibility in corn or SBM was 52.0 or 59.0%, respectively. Previous study indicated that P might also be absorbed in the hindgut of chicken (Hou et al., 1996) , and the P retention over the total tract should be lower than the ileal P digestibility. Dilger and Adeola (2006) reported using a regression technique that the true P retention value of SBM was 58.0%, in which dietary factors might increase the total EPL value and thereby lead to true P retention higher than the values observed in present study. The determined SPR values of SBM in experiments 1 (50.5%) and 2 (52.9%) were in agreement with our previous result (50.2%) of Liu et al. (2012) , who reported that 24-d-old chicks were fed the SBM or mineral-free diet for 4 h with a total of 52 h of excreta collection time.
The SPR values of corn and SBM for broilers were similar between experiment 1 (37.6 and 50.5%, respectively) and experiment 2 (40.2 and 52.9%, respectively); however, smaller variations were observed for them in experiment 2 than in experiment 1, mainly because birds had much higher feed intake for tested diets in experiment 2 than in experiment 1.
In addition, the determined SPR value (44.4%) of the C-SBM diet was close to its predicted value (43.5%) in experiment 1, indicating that the SPR values of corn and SBM were additive and could be used in diet formulation of broilers. In experiment 2, however, it (39.7%) was significantly lower than its predicted value (46.0%), maybe due to the effects of much higher feed intake and total P intake of birds compared with those of other diets in experiment 2 and those in experiment 1, which might have resulted in the underestimated SPR value of the C-SBM diet. The above results indicated that controlling the feed intake and total P intake of chicks could be very important for measuring the SPR values of diets for broilers in using the procedure of experiment 2. Therefore, a further study is needed to verify the additivity of SPR in the diet formulation of broilers.
In conclusion, the results from the current study indicated that the gelatin-cornstarch P-free diet could be used for measuring the basal EPL of broilers so as to estimate the SPR values of feed ingredients (such as corn and SBM) for broilers. The SPR values of corn and SBM for broilers were 37.6 and 50.5%, respectively, in experiment 1 or 40.2 and 52.9%, respectively, in experiment 2. Further studies are needed to determine SPR values of other feed ingredients as well as the additivity of SPR in the diet formulation of broilers so that diets could be formulated based on SPR values to more accurately meet their P requirements.
